Patterns of HIV-1 protease inhibitor (PI) resistance-associated mutations (RAMs) and effects on PI susceptibility associated with the L76V mutation were studied in a large database. Of 20,501 sequences with >1 PI RAM, 3.2% contained L76V; L76V was alone in 0.04%. Common partner mutations included M46I, I54V, V82A, I84V, and L90M. L76V was associated with a 2-to 6-fold decrease in susceptibility to lopinavir, darunavir, amprenavir, and indinavir and a 7-to 8-fold increase in susceptibility to atazanavir and saquinavir.
Combination chemotherapy for treatment of HIV-1 infection is often composed of 2 nucleoside reverse transcriptase inhibitors (RTI) and a nonnucleoside RTI or PR inhibitor (PI) (28) . The plasma concentration of most PIs is increased by coadministration of a low dose of ritonavir. Ritonavir-boosted PI-based (PI/r) regimens are very potent and are recommended for use in patients with or without prior antiretroviral treatment (ART) experience (28) . In ART-naive individuals, the use of PI/r regimens raises the genetic barrier to resistance by increasing the inhibitory quotient such that multiple mutations are almost always required in order to confer a large enough decrease in susceptibility to allow the virus to replicate in the presence of drug. Remarkably, the majority of viruses present following failure of a PI/r-based, first-line regimen remain sensitive to all PIs (9, 21) , even in the absence of the RTI backbone (3, 11, 30) . In PI-experienced patients with some resistance-associated mutations (RAMs) already present, switching to a different PI/r with a nonoverlapping pattern of resistance can be as effective as initial therapy (22, 36) . In these cases, knowledge of the impact of various resistance mutations on susceptibility and replication capacity can help guide the selection of the most active second-or third-line regimen, especially if options involving other classes of drugs (such as entry or integrase inhibitors) have been exhausted.
As experience with PI treatment increases, diversity of associated patterns of resistance grows, and as novel PIs are brought to market, "new" mutations are often reported among viruses present following treatment failure. The use of inconsistent methods between studies associating PR genotype with clinical response or in vitro susceptibility can result in confusing or even misleading interpretation guidelines. Treatment with lopinavir (1, 11, 12, 23, 26, 27) , darunavir (19) , or other PIs (5, 7, 29) can lead to selection of the L76V mutation. L76V is associated with reduced response to darunavir (13) . Like other mutations in PR (8, 37) and reverse transcriptase (2, 4, 6, 16, 20, 24, 31, (33) (34) (35) , L76V has also been reported to have the ability to increase susceptibility to some PIs, including saquinavir, atazanavir (5, 23) , and tipranavir (15, 32) .
(This work was first presented at the 15th Conference on Retroviruses and Opportunistic Infections, Boston, MA, 3 to 6 February 2008, poster 854.)
We used a database containing protease inhibitor susceptibility and sequence information (generated using the PhenoSense and GeneSeq assays at Monogram Biosciences, South San Francisco, CA) to identify isolates containing at least 1 PI RAM, defined as L23I, L24I, D30N,
. Sequences containing mixtures at PI RAM sites were included when calculating mutation frequency estimates but excluded for phenotypic profiling. Data derived from samples tested as part of a clinical trial were excluded from mutation frequency analysis to avoid potential influence of trial selection criteria. Specimens were submitted for routine phenotype/genotype resistance testing between 2000 and 2009; where multiple specimens from the same patient were identified, only one was retained in the analysis.
Of 20,501 clinical sequences with at least one PI RAM, 662 (3.2%) contained L76V. No trends in prevalence of L76V were observed over time (not shown). Only 9 samples (0.04%) were found with L76V as the sole PI RAM, while the percentages that also had 1, 2, or 3 or more PI RAMs were 0.16%, 0.51%, and 2.5%, respectively (see Table S1 in the supplemental material). When only one other PI RAM was present, it was most often M46I, -L, or -V (21 of 32 samples). With 2 other PI RAMs, common partner mutations included M46I/L/V and I84V (86 and 43 of 105 samples, respectively), and with 3 or more other PI RAMs, L76V was often seen in combinations that included M46I/L/V, I54A/L/M/V, V82A, I84V, and L90M. The majority (516 of 662, 78%) of L76V-containing sequences also had 3 or more PI RAMs (see Table S1 in the supplemental material). Among all L76V-containing samples, compared to those lacking L76V, combinations with L23I, M46I, V82C/F/ G/M, and I84A/C were favored (ratios in prevalence over 2), while D30N, V32A, G48V, I50L, I54A, and N88S/T were disfavored (ratios in prevalence less than 0.5) (Fig. 1) . These data are consistent with other recent studies that examined the prevalence of L76V (12, 26) .
We also examined mutation prevalence in 3 groups of samples defined by the clinically relevant lopinavir susceptibility thresholds: susceptible, fold change in 50% effective concentration (EC 50 ) (FC) of Ͻ9-fold; intermediate, FC between 9-and 55-fold; resistant, FC of Ͼ55-fold. In general, frequencies of mutation association with L76V were similar to those observed across the entire range of lopinavir susceptibility, although overall the frequency of mutations associated with lopinavir resistance (such as V32I, M46I/L, I47V, G48V, I54V, V82A, I84V, and L90M) increased with decreasing lopinavir susceptibility, as expected (see Table S2 in the supplemental material). In some cases, the relative frequencies of a mutation in the absence or presence of L76V were different in the 3 categories defined by lopinavir susceptibility. For example, I54V prevalence in lopinavir-susceptible samples (FC Ͻ 9-fold) was only slightly different from that in resistant samples (FC Ͼ 55-fold) but the mutation was less frequent in L76V-containing samples (30%) than in L76V-lacking samples (56%) in the intermediate lopinavir susceptibility group (FC between 9-and 55-fold; Fisher's exact test, P Ͻ 0.0001) (see Table S2 in the supplemental material).
Six of the 9 samples identified with L76V as the only PI RAM did not contain a mixture with wild-type leucine; all but one of these remained susceptible to all PIs (FC Ͻ 2-fold). Interestingly, the exceptional sample, with reduced susceptibility to lopinavir (FC ϭ 13.6-fold) and amprenavir (FC ϭ 12.7-fold), also contained changes A431V and I437T in the NC/ p1/p6 region of gag; these changes have been reported to occur in combination with L76V and to influence PI susceptibility by others (10, 18, 25, 26) . In comparison, 4 of the PI-susceptible samples contained no gag cleavage site mutations (1 sample had no gag data available). Larger groups of samples with certain mutation patterns, with or without L76V, were identified, and the median FCs were compared to assess the impact of L76V on PI susceptibility ( Fig. 2 ; see Table S3 in the supplemental material). Among samples with any 3 PI RAMs, median FCs ranged from ϳ2-fold (tipranavir and darunavir) to over 20-fold (atazanavir, nelfinavir, lopinavir, and saquinavir) (Fig. 2) ; the variation in FC for individual samples was high, ranging from susceptible to highly resistant for all PIs except tipranavir and darunavir (see Table S3 in the supplemental material). In the group of samples with any 3 PI RAMs plus L76V, the median FC was increased by 2-to 5-fold for amprenavir, darunavir, indinavir, and lopinavir but was decreased by 7.4-fold for atazanavir and by 7.9-fold for saquinavir. The most common PI RAMs in these 2 groups were M46I, I54V, V82A, I84V, and L90M; M46I was more prevalent in the group that had L76V, while L90M was less prevalent (see Table S3 in the supplemental material). Among samples with M46I or -L, I54V, and V82A as the only PI RAMs, compared to the group with any 3 PI RAMs, lower levels of PI resistance were observed for all PIs except lopinavir. The effect of adding L76V was similar, with median FC increasing by 3-to 6-fold for amprenavir, darunavir, indinavir, and lopinavir, while decreasing by 2.6-fold for atazanavir. The simplest mutation pattern that we examined was M46I alone, which has little effect on median FC (Ͻ2-fold for all PIs except nelfinavir); however, in the group with M46I plus L76V, median FC was 7.5-fold for lopinavir, 7-fold for indinavir, 5-fold for amprenavir, and 2-fold for darunavir (increases of 2-to 6-fold compared to M46I alone); the median FCs for atazanavir, tipranavir, and saquinavir were below 1 (decreases of 1.5-to 2-fold). Of the 28 samples with M46I and L76V, 43% had lopinavir FCs over 9-fold (the lower clinical cutoff for ritonavir-boosted lopinavir), compared to only 2% in the absence of L76V (see Table S3 in the supplemental material).
In conclusion, the L76V mutation was infrequently observed in this clinical database, with an overall prevalence of 3.2%. As on June 29, 2017 by guest http://aac.asm.org/ the sole PI RAM, L76V was exceedingly rare (0.04%) among these samples, presumed to be from patients experiencing failure of triple therapy. However, studies of lopinavir-ritonavir monotherapy have reported a higher incidence of L76V at the time of monotherapy failure (11, 26, 27) . Phenotypic data indicate that this mutation is not, in isolation, sufficient to confer resistance to lopinavir or other PIs. However, in combination with other PI RAMs, it contributes to a decrease in susceptibility to lopinavir, darunavir, indinavir, and amprenavir and an increase in susceptibility to both atazanavir and saquinavir; the effect on tipranavir susceptibility was modest (ϳ1.5-fold increase). The magnitudes of several of these effects (2-to 8-fold) strongly suggest that they are likely to be clinically significant, since they could easily cause the susceptibility of the virus to fall well above or below the clinical cutoff for one or more PIs. In comparison to the I47A mutation, previously reported to occur with few other PI RAMs (14) , the magnitude of change in phenotypic susceptibility with regard to the L76V mutation on lopinavir is not as dramatic. Taken together, these results support the inclusion of L76V in the list of mutations contributing to resistance to lopinavir, darunavir, amprenavir, and indinavir (17) and suggest that it should also be considered a suppressive mutation in algorithms for interpretation of resistance to atazanavir and saquinavir.
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